Lakes are a central component of the carbon cycle, both mineralizing terrestrially derived organic matter and storing substantial amounts of organic carbon (OC) in their sediments. However, the rates and controls on OC burial by lakes remain uncertain, as do the possible effects of future global change processes. To address these issues, we derived OC burial rates in ) across all land-cover categories ( prairie, mixed deciduous and boreal forest), indicating minimal effect of the regional temperature gradient (approx. 48C) on background carbon burial. The relationship between modern OC burial rates and temperature was also not significant after removal of the effect of total phosphorus. Contemporary burial rates were strongly correlated with lake-water nutrients and the extent of agricultural land cover in the catchment. Increased OC burial, documented even in relatively undisturbed boreal lake ecosystems, indicates a possible role for atmospheric nitrogen deposition. Our results suggest that globally, future land-cover change, intensification of agriculture and associated nutrient loading together with atmospheric N-deposition will enhance OC sequestration by lakes.
Pb-dated sediment cores from 116 small Minnesota lakes that cover major climate and land-use gradients. Rates for individual lakes presently range from 7 to 127 g C m -2 yr -1 and have increased by up to a factor of 8 since
Euro-American settlement (mean increase: 2.8Â). Mean pre-disturbance OC burial rates were similar (14-22 g C m -2 yr -1 ) across all land-cover categories ( prairie, mixed deciduous and boreal forest), indicating minimal effect of the regional temperature gradient (approx. 48C) on background carbon burial. The relationship between modern OC burial rates and temperature was also not significant after removal of the effect of total phosphorus. Contemporary burial rates were strongly correlated with lake-water nutrients and the extent of agricultural land cover in the catchment. Increased OC burial, documented even in relatively undisturbed boreal lake ecosystems, indicates a possible role for atmospheric nitrogen deposition. Our results suggest that globally, future land-cover change, intensification of agriculture and associated nutrient loading together with atmospheric N-deposition will enhance OC sequestration by lakes.
Introduction
Consideration of lakes as an important component of the terrestrial carbon (C) cycle has focused primarily on their processing of externally derived dissolved organic carbon (DOC) [1] [2] [3] . At high DOC loading, lakes are often heterotrophic (net ecosystem respiration is greater than primary productivity), which results in a net efflux of CO 2 to the atmosphere [4] . However, lakes can also bury considerable amounts of organic carbon (OC) in sediments that have accumulated since the formation of the lake [5] . Burial of OC in lakes reflects the difference between inputs of aquatic primary production and terrestrially fixed organic matter (as catchment inputs of DOC and particulate organic carbon; POC) and losses via respiration (within the water column and sediments) and outflow [2] .
Despite the recognition that OC burial in lakes is an important component of the terrestrial C cycle, there has been little consideration of how rates may have changed over time, particularly in response to anthropogenic changes in land cover that influence soil (and particulate carbon) erosion and nutrient export that results in lake eutrophication. The 'natural' OC burial rate by lakes is assumed to reflect major gradients in climate, terrestrial vegetation and geology [6] , although most OC burial estimates are largely derived from Northern temperate and boreal lakes [5, 7] . Land-cover and land-use change strongly influence both DOC export from terrestrial ecosystems as well as the primary productivity of lakes [8] . Although OC burial rates are relatively constant in the absence of significant land-cover change [5, 9] , the effect of changing land cover on burial/storage in lakes has only been examined at a limited number of sites [10] .
The state of Minnesota is an excellent natural laboratory to examine the role of land-cover type, and its conversion for human use and interaction with climate on lake OC burial rates. Minnesota possesses many lakes (approx. 10 4 with an area .1 ha), which are distributed across three major biomes [11] , from boreal forest in the northeast, through mixed deciduous forest to prairie in the southwest ( figure 1 ). This vegetation/land-cover gradient reflects two pronounced climate gradients: a north-south 48C increase in mean annual air temperature (MAT) and an east-west decrease in effective moisture ( precipitation minus evaporation). The temperature range itself is comparable to future warming predicted for this region by climate models. Minnesota has also undergone a range of anthropogenic land-cover changes over the last approximately 150 years: logging and forest regeneration, land clearance for agriculture and its intensification and urbanization. Here, we present OC burial rates for 116 lakes from four ecoregions in Minnesota, determined from 210 Pb-dated sediment cores, corrected for sediment focusing [12] and covering the last approximately 150 years. Using both contemporary and pre-disturbance C burial rates from sites across the latitudinal (i.e. 48C temperature) gradient within Minnesota, we test the hypothesis that climate controls on C burial are not significant compared to land-use (and nutrient) effects.
Material and methods
The sediment cores reported here were originally sampled for a range of palaeolimnological studies. Briefly, sediment cores were extruded at 0.5-4 cm intervals, and dry density and organic content determined using standard loss-on-ignition (at 5508C) methods. All cores were dated by 210 Pb and chronologies and dry mass accumulation rates (DMARs) derived using the c.r.s. (constant rate of supply) model. As OC was not determined directly, organic content was converted to C using a standard correction factor (0.469) [13] . The fractional C content was used to convert the DMAR to OC accumulation rates (OCAR) and expressed as g C m -2 yr -1
. In this study, all OCARs were corrected for sediment focusing (the preferential deposition of fine-grained sediments in deeper regions of the lake basin) using the ratio of core-specific 210 Pb flux to atmospheric 210 Pb flux as measured for Minnesota [14] . This correction is applied to the whole core and therefore assumes that focusing is constant over time, which may not be a valid assumption in some cases. However, the benefits of using focusing-corrected C burial estimates considerably outweigh possible problems associated with the approach [15] .
OCARs were calculated for four periods: approximately 2000, 1950, 1900 and 1850. The ca 2000 values represent the average rate of OC accumulation in lake sediments dated between 1990 (+5 years) and the present. The ca 1950, 1900 and 1850 values are average accumulation rates for the periods 1940-1960, 1890-1910 and 1800-1860, respectively. For each lake, period means of OCAR were calculated as the product of the mean OC content and mean DMAR for the given date range, assigning equal weight to each sediment interval within the range. Ecoregion OCARs were then constructed for each period by averaging the period means of OCAR for all lakes within the region. Ecoregion designations were determined from USEPA Level III ecoregion boundaries, revised in 2007 and based on those of Omernik [11] .
Limnological data, obtained for most of the 116 study lakes, derive from databases maintained by the Minnesota Department of Natural Resources and the Minnesota Pollution Control Agency (MPCA), as well as from the STORET data repository developed by USEPA. Concentration of total phosphorus, chlorophyll a, and total nitrogen are based on summer water samples collected by MPCA and others between 1990 and 2010. The relationship between contemporary OCAR and land-use variables was determined for a 55-lake subset, where detailed land-cover data were available [12] .
For lake-climate interactions, although lake-water temperatures are not available for Minnesotan lakes except in recent decades, it is reasonable to assume that past lake temperatures reflect the modern climate gradient across the state, and so we used latitude as an analogue for mean temperature. In the present study, lake locations span 58 of latitude, across which MAT ranges 48C (Minnesota State Climatology Office, http:// climate.umn.edu/doc/historical/temp_norm_adj.htm). Latitude and MAT are essentially collinear (r ¼ -0.97, p , 0.0001). Annual irradiance can vary by as much as 10% across the state (based on 1961 -1990 data from the National Solar Radiation Database, http://rredc.nrel.gov/solar/old_data/nsrdb/) and median ice-out dates differ by nearly 1 month (Minnesota Department of Natural Resources, http://www.dnr.state.mn. us/ice_out/index.html?year¼median).
Statistical analyses were undertaken using JMP v. 10 (SAS Institute, Cary, NC) and variables were log-transformed where appropriate. Lake morphometry was shown to be an important control on C accumulation in boreal lakes in Quebec [16] . In the present study, however, lake area, catchment area and CA : LA had no significant relationship to C burial rates, not even in the presettlement period when the effects of land-use change were not present. Stepwise multiple regression analysis on a 52-lake subset (i.e. for those lakes with data for all key variables) shows that after accounting for TP, latitude and/or the extent of agriculture land (%Ag), there was not a statistically significant relationship with any morphometric variable.
Results
Contemporary OCAR is correlated with latitude (r 2 ¼ 0.40, p , 0.0001), as are 'natural', pre-Euro-American rates (r 2 ¼ 0.14; p , 0.0001; figure 4), suggesting a possible relationship between carbon burial and regional climate. However, the role of climate is confounded by the fact that in-lake phosphorus availability is also correlated with latitude, reflecting intensification of agriculture southwards within the state. In a stepwise multiple regression of C burial rates for the modern period on log TP and latitude, the latter explains insignificant variance ( p ¼ 0.055) after accounting for log TP. An interactive term ( log TP Â latitude) was also insignificant ( p ¼ 0.7).
Discussion
It is important to recognize that recent rates of sediment carbon accumulation can be inflated relative to long-term burial rates owing to incomplete remineralization of recently deposited organic matter. Although this effect will probably vary among lakes, repeat coring of laminated sediments from a Swedish boreal lake indicates that most of the remineralization occurs within the first 5 years of deposition [17] . If that period of the record is removed from the core data in this study, the effect is to reduce contemporary rates of C burial by less than 10%. Furthermore, many of the records from this study exhibit constant or decreasing C concentrations near the sedimentwater interface, which suggests that organic matter diagenesis has not contributed appreciably to the shape of these profiles. Moreover, the timing of OC burial changes does not match what would be expected if the profiles were mainly driven by mineralization: most of the change occurs between pre-1850 and 1950 (figure 2). The point is not to discount the importance of carbon remineralization in affecting C burial rates, only that the contemporary C burial rates and their large historical increases documented in our cores are probably not an artefact of incomplete diagenesis.
Increased carbon burial by lakes following clearance for agriculture probably reflects both lateral transfer and burial of soil C [18, 19] as well as increased lake productivity driven by fertilizer application and runoff [8] . Terrestrial inputs of OC may explain why OCAR is not directly proportional to chlorophyll a (figure 3), but rather increases as a power function with a Y-intercept of approximately 14.5 g C m -2 yr -1 . Thus there is an unknown, but significant portion of present-day OC coming from the terrestrial environment. In some lakes in Minnesota, the historical input of terrestrial C may also have been substantial. Disruption of the biogeochemical cycles of phosphorus and nitrogen has had considerable impacts on lake productivity globally [20] . The OCAR observed in lakes in the agriculturally dominated landscape of southern and western Minnesota are mainly explicable in terms of agriculturally derived nutrients (figure 3), but lateral transfer of soil carbon will also have contributed. The relatively constant mean OCAR rate in the NCHF ecoregion after 1950 probably reflects the expansion of ) and selected limnological variables (total phosphorus, total nitrogen and chlorophyll a; n ¼ 97, 74 (after three extreme outliers being removed) and 95, respectively; see Material and methods for data sources) and percentage agricultural land-use in catchment (n ¼ 52; see [12] ). ) plotted against latitude (used here as a surrogate for climate). The 1850-C AR : latitude relationship (grey; r 2 ¼ 0.14; p , 0.0001) is significant and suggests a possible weak climate control on C burial rates or the effect of more nutrient rich prairie soils on background lake productivity. Removal of the nutrient effect (TP; see figure 3 ) for the contemporary C AR : latitude relationship (black; r 2 ¼ 0.40, p , 0.0001) results in a non-significant effect of latitude (i.e. temperature).
rspb.royalsocietypublishing.org Proc R Soc B 280: 20131278 the Minneapolis-St Paul metropolitan area, which has seen agricultural land taken out of production, sold and subdivided for housing development, with a corresponding improvement in water quality, lower primary productivity and hence constant or declining C burial in some lakes after 1950 (figure 2).
While agriculture is clearly an important control of OCAR in many lakes in Minnesota (figure 3), the maximum OC burial rates during the most recent period in the NLF lakes are more difficult to explain. The main period of catchment disturbance in northeastern Minnesota (NFL ecoregion) was associated with selective logging in the late nineteenth, early twentieth centuries [21] . And despite more than 80-100 years of forest re-growth (i.e. increasing catchment stability), average OCAR in NLF lakes has continued to increase (ca 2000 mean % 25 g C m -2 yr -1
) and has not returned to pre-disturbance levels (ca 1850 % 12 g C m -2 yr -1
). Catchment carbon and nutrient dynamics change as forests recover from disturbance [22] , influencing element export [23] . That the OCAR in the NLF has not declined may indicate that catchment stabilization is not yet complete and/or there is continued nutrient export that would support in-lake production. Alternatively, the C burial in these lakes may be dominated by changing inputs of terrestrial C, possibly from flocculation of exported DOC as much as POC inputs [24] . There are now documented regional increases in DOC to streams and lakes [25] , a change hypothesized to be caused by reduced SO 4 deposition [26] and/or climate warming [27] . That said, DOC's influence on OCAR in this study is only marginally significant (r 2 ¼ 0.08; p ¼ 0.04; data not shown). Finally, Fe has been highlighted as having an important role in sequestering terrestrial C in some systems [28] , but its role in Minnesotan lakes is unknown. An alternative explanation for increasing C burial in Minnesota's boreal lakes is that atmospheric inputs of reactive nitrogen are increasing lake productivity [29, 30] . Disruption of the global N cycle is now comparable to alteration of the carbon cycle [31] , and there is increasing evidence for direct effects of atmospheric N deposition on lakes [32] . A positive effect on algal productivity due to increased atmospheric nitrogen inputs for the western Great Lakes region was postulated by Axler et al. [33] . Using a bioassay approach, they showed that N enrichment resulted in a greater increase in biomass than P, although N þ P generally yielded the greatest effect, and concluded that atmospheric inputs could sustain algal growth and may lead to lake eutrophication. There is now growing evidence that medium-range transport and deposition of NO x derived from the intensive agricultural and industrial/urban areas is affecting 'pristine' limnic ecosystems by increasing lake productivity (and hence OC burial) [30] . The observation that the largest increase in OCAR in NFL lakes occurs during the latter half of the twentieth century is consistent with an N-deposition driver [31] . Kortelainen et al. [34] have highlighted the key role that N plays in the long-term C balance of N-limited boreal ecosystems.
The NLF ecoregion contains nearly 50% of the total lake area in Minnesota and accounts for 35% of the total statewide lake-C burial. Although the NLF lakes are located at the southern edge of the boreal biome, the global dominance of boreal lakes (total area ¼ 142 Mha), combined with projected changes in the distribution of boreal forest suggests that a critical assessment of C burial by boreal lakes is needed [35] . Results from this study suggest that OC burial rates may be increasing throughout the boreal zone in response to global environmental change drivers (N deposition, increased DOC export), while at the same time the actual present-day C burial by lakes may be substantially underestimated. The Holocene OC burial rate for small boreal lakes (less than 1 km ; taken together these results suggest that approximately 5 g C m -2 yr -1 is an underestimate of contemporary C burial in boreal lakes. Lake productivity is widely assumed to be influenced by temperature [38] , although post-depositional mineralization rates are also temperature-dependent [39] . Latitude, our analogue for temperature, can therefore potentially shape OCAR patterns in lakes. Pre-disturbance OCARs in Minnesota lakes show a weak relationship to latitude (figure 4), suggesting that the 48C north-south temperature gradient is a statistically significant but minor control on OCAR. However, because latitude also exerts strong control over other climate variables that influence productivity (i.e. incident irradiance and ice cover [38] ), the correlation between OCAR and latitude may not be exclusively driven by temperature. Furthermore, because there is also latitudinal variation in geology and natural landscape fertility [40] , and therefore nutrient supply, it is unlikely that climatic variables account for all of the variance explained. Although contemporary OCARs are more strongly correlated with latitude (figure 4), the removal of the effect of nutrient input (TP) by linear regression indicates that there is no significant effect of latitude on OCAR independent of nutrient enrichment. While there may be productivity increases associated with altered lake heat budgets [41] , the evidence suggest that these warming effects are minor compared with the impacts of land-cover change and increased nutrient loadings.
Lakes are an important part of the annual terrestrial C cycle in lake-rich landscapes [2] , and compared with terrestrial soils, which respire most OC inputs, lake sediments are a longterm sink [5, 9] . Although lakes are not normally included in regional terrestrial C budgets [37] , they can have a large effect on net ecosystem storage if the rates of either aquatic production or respiration (loss rates) are substantially altered [39] . Evidence from this study indicates that there has been an increase in C sequestration by lakes at the regional scale. This increase has been driven largely by land-cover change (logging, conversion of forest and prairie to intensive agriculture), which has increased nutrient availability, and hence aquatic productivity and C burial in lakes ( figure 3) . In addition to increasing storage of autochthonous carbon, rspb.royalsocietypublishing.org Proc R Soc B 280: 20131278 catchment disturbance and land-cover change have also probably increased the storage of soil-derived C.
While rates of land-cover conversion have slowed in temperate regions, intensification of agriculture in lessdeveloped regions will continue in order to meet future food demands. Similarly, warming trends may facilitate agricultural expansion within the boreal zone, with associated impacts on nutrient and C dynamics. Moreover, the P surplus documented in agricultural soils worldwide [42] has considerable long-term implications for carbon burial in aquatic ecosystems. Also, while P induced eutrophication is a major problem for lakes in more developed regions [8] , the effect of atmospherically transported reactive N on remote lakes is unlikely to diminish in the immediate future [30, 32] . Overall, it is probable that nutrient transfer from land to surface waters will maintain elevated levels of lake productivity and C burial in the short term [8] . Predictions of global land-use change, disruption of nutrient cycles and climate warming scenarios suggest that the elevated C burial rates reported in this study for a range of vegetation types, disturbance histories and climate gradients are relevant to lakes elsewhere.
